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PsaD-PsaL cross-linked product was reduced drastically when
PsaD is an essential component of the docking site for Fd.
arginine-72, Lys-74, and Lys-76 were mutated simultaneously.
It can be cross-linked to Fd using a hydrophilic, zero-
These studies demonstrate that the basic residues in the central 1988); the cross-linked product is redox-active (Lelong et al., 1996) . The Lys-106 residue of PsaD in Synechocystis sp.
PCC 6803 can be cross-linked with the Glu-93 residue of Fd (Lelong et al., 1994) . The PsaD-less mutants of Syneckocystis sp. PCC 6803 were used to demonstrate the functional significance of PsaD in electron transfer to Fd (Xu et al., 1994c; Hanley et al., 1996) . The Lys-106 residue is a dispensable component of the docking site, and an ionic interaction between Lys-106 of PsaD and Glu-93 of Fd is not essential for electron transfer to Fd Hanley et al., 1996) . Analysis of site-directed mutations in PsaC on the reaction center and in facilitating Fd-mediated NADp+ photoreduction on the reducing side of psI are hdependent of each other .
The three-dimensional structure of PsaD is not known.
The x-ray crystallographic analysis of PSI at 4A resolution indicates that PsaD may contain one cw-helix ( K~ et al., 1996) . Biochemical and molecular genetic studies were used to identify the domains in PsaD that are exposed on the surface of PSI. Modification of surface residues and limited proteolysis with endoproteinase G1u-C and thermolysin have been used to understand the topography of PsaD (XU et al., 199413) . These studies indicated that the surface-exposed proteolytic sites and lysyl residues are shields (Li et al.f 1991) and PSI is a multiheteromeric pigment-protein complex in the thylakoid membranes of cyanobacteria and chloroplasts (Golbeck, 1994; Chitnis, 1996) . It catalyzes electron transfer from reduced plastocyanin (or Cyt c6) to oxidized Fd (or flavodoxin). The PsaA and PsaB subunits form a heterodimeric core that harbors approximately 100 antenna chlorophyll u molecules, the primary electron donor, P700, PsaD, and PsaE subunits of PSI constitute its reducing side, on which Fd can dock and accept electrons. PsaC contains the (4Fe-4s) clusters F, and F,, which donate electrons to Plant Physiol. Vol. 11 5, 1997 located in the C-terminal domain of PsaD. Examination of the primary sequence of PsaD reveals a basic domain between Arg-72 and Lys-86 in the central region of the protein (Manna and Chitnis, 1997) . Although the length and exact sequence of the basic domain vary in different species, it contains four conserved basic residues. One or two additional lysyl or arginyl residues are found at various positions in the basic region. To investigate the role of the basic domain in assembly and function of PsaD, we generated site-directed mutations in two conserved and one variable basic residue in this region and introduced the mutant genes in a PsaD-less strain of Syneckocystis sp. PCC 6803. Here we present biochemical characterization of the mutant strains.
MATERIALS A N D METHODS
PsaD Mutagenesis
AI1 PsaD mutants used in this experiment were generated by a PCR-mediated mutation technique (Higuchi, 1989) . The detailed strategy for PsaD mutagenesis was described previously . A degenerate oligonucleotide was used for replacing the residues in the basic domain. The sequence of the mutagenic primer was T(TGC) GGG TT(TGC) AAA TT(TGC) TGT (CG)(CT)(CG) TAG CTG G. The psaD gene was amplified by PCR using ' the mutagenic primer and cloned into an appropriate vector . The amplified regions i n 20 DNA clones were sequenced completely to identify sequence alterations. Although the primer was designed to make one or more replacements in Arg-72, Lys-74, Lys-76, and Lys-78, none of the sequenced DNAs contained mutations that altered Lys-78. In one case, an additional residue, Glu-62, was mutated, probably because of an error by Taq DNA polymerase. Five DNAs with representative mutations were selected for further studies (Table I ). The natural transformation was used to introduce the mutated DNAs into the PsaD-less ADC4 strain of Syneckocystis sp. PCC 6803 (Xu et al., 1994~) . After severa1 generations of segregation on BG-11 plates with 30 pg/mL kanamycin, stable mutant strains were generated. We extracted the genomic DNA from the mutant strains, amplified the mutant psaD genes by PCR, and confirmed the appropriate nucleotide changes in the genome by DNA sequencing. The KD1 strain contains the unaltered psaD gene introduced back into the ADC4 strain and was used in these studies as the wild type.
Characterization of Mutants
The strains were grown aerobically in BG-11 medium under 21 pmol m-'s-' light for isolation of membranes and PSI complexes. Previously published methods were used for isolation of thylakoid membranes , purification of PSI complexes using Triton X-100 , isolation of monomeric PSI complexes with n-dodecyl P-maltoside , treatment of membranes with Na1 (Xu et al., 1994e) , cross-linking of PSI proteins with glutaraldehyde (Xu et al., 1994a) , and analytical PAGE and immunodetection (Xu et al., 1994~) . The reductase activity of the mutants was determined using an Fd-mediated NADP+ photoreduction assay . The reaction mixture contained thylakoid membranes (5 pg chlorophyll/mL), 5 p~ Fd, 50 I~M Tricine, pH 8.0, 10 mM MgC1,15 FM Cyt c6, 5 mM sodium ascorbate, 0.05% n-dodecyl P-maltoside, 0.5 mM NADE'+, and 0.8 PM Fd:NADP+ oxidoreductase. The changes in the absorption of NADPH at 340 nm were monitored using a 160A spectrophotometer (Shimadzu, Tokyo, Japan) fitted with red-light-emitting diodes (LS1, Hansatech, Norfolk, UK) for sample illumination. To examine protein turnover, we grew cells for 6,11, and 24 h at 30°C in B G l l medium that was supplemented with two protein-synthesis inhibitors, streptomycin and tetracycline, each at 80 pg/mL. Membranes were prepared and relative levels of PSI proteins was determined by western blotting.
The anti-PsaD and anti-PsaC antibodies were kindly provided by Dr. John H. Golbeck (Pennsylvania State University, State College, PA). Other antibodies were raised against respective proteins from Syneckocystis sp. PCC 6803 (Sun et al., 1997a) . Cyt c6 was purified from Microcystis aeruginosa according to published procedures (Gomez Lojero and Krogmann, 1996) . Fd was overproduced in Esckerichia coli from a gene of Synechocystis sp. PCC 6803
and was purified by previously published methods (Xu et al., 1995b) .
RESULTS
Function of PSI in the Mutant Strains
To study the physiological impact of mutations, we estimated the doubling time of the mutant strains under photoautotrophic growth conditions. The growth of cultures in BGll medium was monitored from the changes at A,,,. A11 strains contained similar amounts of chlorophyll (approximately 4 p g ) per unit at A730. Consistent with a previous report (Xu et al., 1994c) , the doubling time for the PsaD-less mutant was longer than that for the KD1 strain (Table I ). The strains with site-directed mutations grew at approximately the same rate as the wild type. PsaD functions as an essential docking site for Fd. Consequently, Fd-mediated electron transfer is reduced drastically in the PsaD-less PSI complexes . When we determined Fd-mediated NADP+ photoreduction as a measure of the reductase activity of PSI, the rate in the wild-type membranes was 285 pmol mg-I chlorophyll h-l, whereas the activity in the PsaD-less membranes was barely detected (Table I ). The mutations reduced the reductase activity by 26 to 81% when compared with the wildtype membranes. The thylakoids of strain 7 showed 19% of the wild-type activity, whereas the membranes of strain 3 had 74% of the normal activity. Other mutations had intermediate activities. Despite the decreased Fd-mediated NADE' + reduction activity, the growth rates were not significantly affected by the mutations. This could be due to the presence of flavodoxin in cells during growth conditions. Traces of flavodoxin can be recovered from the cells grown under normal conditions and the amount of fla- vodoxin dramatically increases under iron-deficient growth conditions (Bottin and Lagoutte, 1992) . Alternatively, the normal growth rates in the mutants indicated that PSI activity is not a limiting factor for autotrophic growth.
Accumulation of PSI Proteins in the Mutant Strains
The effects of mutations on PSI function could result from a defect in Fd docking or from decreased accumulation of mutant proteins in the PSI complexes. To examine these possibilities, relative levels of PsaD and other PSI proteins in thylakoids and in purified PSI complexes were estimated by western analyses (Fig. 1) . The epitopes for the anti-PsaD polyclonal antibody are located in the region between Glu-93 and the carboxyl terminus (Xu et al., 1994b) . Therefore, mutations in the basic domain between Arg-72 and Lys-86 are not expected to alter the affinity of this antibody for PsaD. In addition, when the protein subunits of the purified PSI complexes were resolved by electrophoresis and the gel was stained with Coomassie blue, the band intensity of PsaD correlated with the corresponding signal in western blotting (data not shown). Thus, immunodetection was expected to provide reliable estimates of the relative levels for PsaD.
Western analysis of thylakoid proteins was performed on an equal chlorophyll basis. The level of PsaD in mutant strains 5 and 7 was considerably lower than in the wildtype strain (Fig. 1) . From densitometry, we estimated that these strains contained approximately 25% of the wild-type level of PsaD. In contrast, thylakoids of the mutant strain 19 had approximately 65% of the wild-type level of PsaD. Other mutants had intermediate levels of PsaD in their thylakoid membranes. Mutations in the surface-exposed residues, such as Lys-106, do not affect the steady-state level of PsaD in membranes . Mutant strain 19 contained a reduced level of PsaK. Since the PsaD-PsaK interaction has not been demonstrated or anticipated, we do not know the significance of this observation. Mutations in PsaD did not have a major influence on the accumulation of other PSI subunits in thylakoid membranes (Fig. 1) . When the monomeric PSI complexes that had been purified in the presence of Triton X-100 were Thylakoid Membranes in the wild-type and DE strains were grown at 38°C in the presence of the protein-synthesis inhibitors streptomycin and tetracycline at a final concentration of 80 /j.g/ml each. The cells were harvested at 6, 11, and 24 h after initiation of the experiment. Subsequently, the photosynthetic membranes were isolated. The proteins in the preparations containing 10 /j,g of chlorophyll were separated on Tricine-SDS-urea-PAGE, transferred to Immobilon-P membranes, and probed with anti-PsaD and anti-PsaL antibodies. The immunoreaction was visualized by enhanced chemiluminescence.
used for western blotting, we observed similar trends in accumulation of PsaD (Fig. 2) . The PSI complexes of mutant strains 5 and 7 contained the least amount of PsaD among the PSI complexes used in this experiment. In addition, the level of PsaL in these complexes was reduced; a similar decrease in accumulation of PsaL has been reported for the PsaD-less strain of Synechocystis sp. PCC 6803 (Xu et al., 1994a) . It is interesting that PsaD of mutant strains 3, 5, and 7 migrated slightly faster than the wild-type PsaD protein (Fig. 1) . The changes in charges on the protein might affect SDS binding and thus alter migration during electrophoresis. Thus, the site-directed mutations in the basic region reduced the abundance of PsaD in the PSI complexes and in the thylakoid membranes. The decreased levels of PsaD might have caused a decrease in the Fd-mediated electron transfer activity of the mutant PSI complexes.
Stability of PsaD in Mutant Strain 7
The reduced level of PsaD in the mutant strains could be due to the decreased expression of the mutant genes, impaired assembly of mutant proteins into membranes, or increased turnover of mutant proteins. Although we cannot rule out effects of mutations on transcription, translation, or RNA stability, these possibilities are less likely than the effects on assembly or degradation. The mutations caused relatively minor changes in the nucleotide sequence and are more than 200 nucleotides downstream from the regions involved in transcription of the psaD gene or translation of its mRNA. To test the effects of mutations on PsaD turnover, we grew the KD1 and strain-7 cells in the presence of antibiotics that inhibited protein synthesis. We monitored levels of PsaD and PsaL in thylakoid membranes by western blotting (Fig. 2) . The wild-type PSI complexes and its protein constituents are turned over very slowly (Chitnis and Nelson, 1992b) . Cellular chlorophyll content, PSI activity, or level of the PSI proteins is not altered for up to 24 h of antibiotic treatment (data not shown). In contrast, the level of the Dl protein of PSII rapidly decreased under these conditions. The relative amounts of PsaD and PsaL did not decrease significantly after up to 24 h of treatment with antibiotics in the mutant and KD1 strains. Variation in the immunodetection intensity was within the error of these analyses. Therefore, the mutation in strain 7 does not cause increased degradation of PsaD that has been assembled in the complexes. When we used cytoplasmic fractions in western analysis, we failed to detect soluble PsaD protein. It is likely that the unassembled PsaD is rapidly degraded by the cytoplasmic proteases. Overall, our results imply that the mutation in strain 7 affects assembly of PsaD into PSI.
Treatment of Membranes with Nal
To study the defect in assembly of the mutant PsaD proteins, we examined interaction of PsaD with other PSI proteins. Resistance of PSI subunits to chaotropic treatments has been used to assess the relative strength of their interactions within the PSI complexes (Xu et al., 1994d Chitnis et al., 1996) . When thylakoid membranes of the wild-type and PsaD mutants were incubated with 0,1, 2, 3, and 4 M Nal, their subunits differed in their susceptibility to removal by Nal (Fig. 3) , PsaC and PsaE in the PsaD-less ADC4 strain were more susceptible to removal by Nal treatment than in the wild type (KD1) or in mutant strain 7. One mole of Nal could remove PsaC and PsaE subunits from the thylakoid membranes from ADC4. To remove PsaC and PsaE from the thylakoids of the KD1 strain, 3 M Nal or more was needed. Treatment with 2 M Nal could remove PsaD from the thylakoid membranes of mutant strain 7, but 3 M Nal was needed to remove PsaC, showing different effects of the PsaD mutations on these subunits. The results of Nal treatment demonstrated that the PsaE subunit in mutant strain 7 could be removed from PSI by a lower concentration (2 M) of Nal, compared with that of the wild type (Fig. 3) . The easy removal of PsaE from the mutant membranes could result from the decreased amount of PsaD in them. The requirement of PsaD for stable assembly of PsaE has been demonstrated by in vitro reconstitution (Chitnis and Nelson, 1992a) . In contrast to the peripheral proteins, PsaL, an integral membrane protein, could not be dissociated from the wild type or mutant PSI complexes by up to 4 M Nal (Fig. 3) . Therefore, one or more mutations in mutant strain 7 decreased the strength of interactions between PsaD and the remaining PSI.
Chemical Cross-Linking
Chemical cross-linking was used to investigate subunit interactions in the mutant PSI complexes. Glutaraldehyde is a bifunctional cross-linking reagent that reacts primarily with amino groups of lysyl residues (Mclntosh, 1992) . Previous experiments have shown that PsaD can be crosslinked with PsaC and PsaL when PSI of Synechocystis sp. PCC 6803 is treated with glutaraldehyde (Xu et al., 1994a; Armbrust et al., 1996) . We purified the PSI complexes from the KD1 and mutant membranes with Triton X-100, treated them with glutaraldehyde, and identified cross-linked products by western analysis with anti-PsaD antibody (Fig.  4) . Upon cross-linking, PsaD migrated slower than the non-cross-linked PsaD, possibly due to the chemical linkage of gluteraldehyde molecules to the protein. In addition, the wild-type PSI complexes contained 25-and 29-kD cross-linked proteins that were recognized by the PsaD antibody. The 25-and 29-kD products have previously been identified as the PsaD-PsaC and PsaD-PsaL crosslinked proteins, respectively (Xu et al., 1994a; Armbrust et al., 1996) . Both cross-linked pairs could be detected when the complexes from mutant strains 3, 7, and 12 were used. However, the 29-kD product was detected at a drastically reduced level in the PSI complexes of mutant strain 19 that had been treated with glutaraldehyde. It is possible that Triton X-100 disturbs PsaD-PsaL interactions more easily in the mutant than in the wild type. To test this possibility, we purified monomeric PSI complexes using n-dodecyl j3-maltoside from the KD1 mutant and mutant strain 19 and used them for cross-linking experiments. The 29-kD crosslinked product was barely detected in mutant strain 19 but could be observed in the wild-type complexes upon treatment with glutaraldehyde. In contrast, the 25-kD product was detected at comparable levels in the wild type and the mutant strain (Fig. 4) . Therefore, the mutations in strain 19 affect the PsaD-PsaL interaction but not the PsaD-PsaC interaction.
DISCUSSION
The PsaD subunit is a 16-kD peripheral protein on the reducing side of PSI. It interacts with PsaB, PsaC, PsaL, and Fd (Chitnis, 1996) . These interactions are specific and crucial for structural organization and function of the complex. Consequently, the primary sequence of PsaD contains information for the molecular recognitions between PsaD and its interacting partners. Analyses of the primary structure of PsaD subunits from different sources have indicated the presence of a-helices and a central domain that contains four to six basic amino acids among 15 residues (Fig. 5) . Limited proteolysis experiments, chemical cross-linking, modification of surface-exposed e-amino groups, and deletion mutations in PsaD have shown that several residues in the C-terminal half of PsaD are on the surface of PSI (Lelong et al., 1994; Xu et al., 1994b; Chitnis et al., 1995) . The present study is focused on the elucidation of the function of the basic domain in PsaD.
Electrostatic interactions are important in the assembly and function of PsaD. The precursor of PsaD assembles into the PSI complexes without the aid of any molecular chaperones (Chitnis and Nelson, 1992a) , and ionic strength affects the PsaD assembly into thylakoid membranes (Minai et al., 1996) . Similarly, electrostatic interactions are crucial in Fd-PSI electron transfer (Hervas et al., 1992; Setif and Bottin, 1994) . The wild-type PsaD is a basic protein with a deduced pi of 9.38, whereas the mutant strains 5 and 7 have a pi of 7.17 (Table I ). These mutants also had less Predicted structural features and a comparison of selected sequences of the basic domain are shown. Although two to three regions of PsaD are predicted to form a-helices, only one a-helix has been assigned to PsaD in the 4 A structure of PSI (Krauss et al., 1996) . The conserved residues in the basic domain are shaded.
The numbers indicate positions of the first amino acid in the sequence shown in the figure. the thylakoid membranes than the wild type (Fig.  1) . However, assembly of mutant strain 19, which showed the greatest change in pI value of PsaD, was not affected as much as in mutant strains 5 and 7. Therefore, the regional charge distribution may be more important than the overall electrostatic properties in the assembly and accumulation of PsaD into PSI.
To identify which of the four mutated residues have a crucial role(s) in PsaD assembly, we compared the mutations and their phenotypes. Examination of mutations in the mutant strains 5 and 7 reveals a common replacement; the Lys-74 residue changed to Glu. We propose that the replacement of Lys-74 by an oppositely charged residue caused decreased accumulation of the mutated PsaD in membranes. The single mutant of Lys-74 to an uncharged polar amino acid (Gln) in mutant strain 3 impaired PsaD assembly into PSI to a lesser extent. The substitution of Arg-72 by Trp in mutant strain 13 (the same as another residue change in strain 7) did not show a drastic effect on the amount of PsaD in the membranes. Mutant strain 19 had three residues altered; its membranes had significantly more PsaD than mutant strain 5. This mutant had an identical replacement (K76E) as one of the mutations in mutant strain 5, and its other residue substitution (R72W) was also present in mutant strain 7. The third residue change in strain 19 was Lys-74 replaced by Gln (the same as that in mutant strain 3) instead of by Glu, as that in strains 5 and 7. Therefore, we can eliminate the effect of the E62V mutation on the phenotype in strain 5. It can be concluded that the Lys-74 residue is important for PsaD to assemble into PSI complexes, considering the phenotypes of these mutant str ains .
Replacement of Lys-74 by an acidic residue may alter folding of PsaD and, thus, impair assembly. Alternatively, the mutation may lessen the affinity of PsaD to its interacting subunits in the PSI complex. Na1 extraction removed the mutant PsaD in strain 7 more easily than in the wild type (Fig. 3) . To remove the PsaD subunit from wild-type membranes, 4 M Na1 was needed, but only 2 M Na1 could remove the mutated PsaD from thylakoid membranes. This result indicates that the mutant PsaD subunit has a lower affinity to the PSI complexes. PsaD interacts with PsaC, PsaL, and the extramembrane loops of PsaB (Xu et al., 1994a (Xu et al., , 1995a Armbrust et al., 1996; Jansson et al., 1996; Sun et al., 199%) . Among these interactions, we propose that PsaD-PsaC interactions are not altered by the mutations based on the following results. First, complete remova1 of PsaC from the membranes of both KD1 and the mutant required 3 M NaI, (Fig. 3) . Second, when we used the wild-type and mutant PSI complexes for cross-linking experiments, the 25-kD PsaD-PsaC cross-linked product was observed at substantial levels (Fig. 4) . Third, the PsaC proteins from various sources show extremely high conservation, with approximately 95% sequence identities. The protein regions that interact with PsaC are expected to be highly conserved. Although the basic region of PsaD is conserved in the charged character, the primary sequence shows considerable variation (Fig. 5) . Therefore, the results from chaotropic extraction and chemical cross-linking, and consideration of primary sequence conservation indicate that the interaction between PsaC and the mutant PsaD proteins are not altered.
Our results indicate that the interaction between PsaD and PsaL are disturbed by mutations in the basic region. When two types of PSI complexes of mutant strain 19 were used for cross-linking, the 29-kD PsaD-PsaL product was reduced substantially in comparison with the wild type (Fig. 4) . The eamino residue of Lys-41 and the N terminus of PsaL are the most likely candidates for cross-linking reaction with PsaD (Xu et al., 1994a) . Since the PsaD-PsaL interaction was not completely abolished, we believe that the mutated residues in PsaD may not be involved directly in cross-linking, but may provide electrostatic interactions to position PsaD and PsaL in close proximity. Mutant strain 19 contains a replacement of the Lys-76 residue that is not altered in mutant strains 3, 7, and 12. Thus, Lys-76 may be crucial in PsaD-PsaL interactions, although this residue is less important than Lys-74 in maintaining normal steadystate levels of PsaD. The amino-terminal extramembrane region of PsaL and the basic domain of PsaD contain two acidic and four basic residues, respectively, that are found in a11 available deduced primary sequences. Yet, the remaining primary sequences of these regions are not highly conserved (Manna and Chitnis, 1997) . We could not examine the interaction of mutant PsaD with PsaB; the stromal extramembrane loops are highly conserved and may contain acidic residues that interact with the residues of the basic region in PsaD. Thus, our results indicate that substitution of Lys-74 and/or Lys-76 of PsaD by negatively charged residues significantly affects its interactions with the transmembrane subunits of PSI.
In summary, the present study shows that the basic domain of PsaD, especially its Lys-74 residue, is crucial for in vivo accumulation of PsaD. This region may interact with the acidic residues i n the amino-terminal region of PsaL or the stromal extramembrane loops of PsaB.
